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CytoskeletonThe precise expression and timely delivery of connexin 43 (Cx43) proteins to form gap junctions are
essential for electrical coupling of cardiomyocytes. Growing evidence supports a cytoskeletal-based
trafﬁcking paradigm for Cx43 delivery directly to adherens junctions at the intercalated disc. A lim-
itation of Cx43 localization assays in cultured cells, in which cell–cell contacts are essential, is the
inability to control for cell geometry or reproducibly generate contact points. Here we present a
micropatterned cell pairing system well suited for live microscopy to examine how the microtubule
and actin cytoskeleton confer speciﬁcity to Cx43 trafﬁcking to precisely deﬁned cell–cell junctions.
This system can be adapted for other cell types and used to study dynamic intracellular movements
of other proteins important for cell–cell communication.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction plaque region with speciﬁcity of delivery directed by the Cx43Gap junctions (GJs) contain connexin (Cx) channels formed by
the pairing of two hexameric hemichannels, known as connexons,
from adjacent cells [1]. Cx43 is the predominant connexin in
ventricular myocytes and is localized to the intercalated disc (ID)
at longitudinal ends of the cell, along with adhesion proteins and
other ion channels [2–8]. This polarized Cx43 localization is impor-
tant to facilitate rapid and directional action potential propagation
along the long axis of cardiac myoﬁbers, which is essential for
effective ventricular contraction with each heartbeat [9–20].
Heart failure is a growing epidemic in the United States [21], and
is characterized in part by altered Cx43 localization and
arrhythmogenesis [22–25].
Cx43 is constantly made, transported, and degraded, leading to
a short half-life of only 1–5 hours [26–28]. Critical to ventricular
myocyte coupling is Cx43 forward transport from the Golgi appa-
ratus to form GJs at the cell–cell junction. We and others have
found that Cx43 hemichannels can be directly targeted to the GJhemichannel, the microtubule plus-end tracking protein EB1,
p150(Glued), and the adherens junction structure including b-cate-
nin [24,28,29]. In this paradigm, dynamic microtubules serve as
highways that anchor at adherens junction complexes to allow
Cx43 cargo delivery to the GJ plaque. More recently, we found that
the actin cytoskeleton also regulates Cx43 delivery to the cell–cell
junction [30]. What remains is the challenge to integrate the impli-
cated cytoskeletal proteins in an overall model to address how
Cx43 gets its ‘‘postal address’’, or where in the subcellular trafﬁck-
ing pathway from Golgi exit to channel delivery does Cx43 become
destined to arrive at the GJ plaque.
Studies of membrane Cx43 localization typically utilize cultured
cardiomyocytes that can undergo internal rearrangement once
in vitro [31–33], or cultured non-cardiac cells with various geome-
tries and different numbers of cellular contacts. This variability in
the shape and contacts of cultured cells limits the isolation of a
particular behavior or event that may be important to Cx43 trans-
port from the Golgi apparatus to a point of cell–cell contact. Here
we present a micropatterning technique that reproducibly deﬁnes
a rectangular cell geometry and restricts cell–cell contacts to a sin-
gle edge. The work is based on pioneering studies that have been
used to examine Cx43 function and intercellular coupling [34–41].
Using cell lines and isolated cardiomyocytes, our approach is
designed to generate longitudinally oriented cell pairs with a
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cardium. In our system, dynamic Cx43 movement toward the cel-
lular junction, and the underlying cytoskeletal delivery apparatus,
can be scrutinized in real-time by confocal microscopy and with
single-particle tracking [42], without the complication of varied
cell shapes and contacts. Speciﬁcally, we ﬁnd that Cx43 cargo
and components of its trafﬁcking machinery, including EB1,
microtubules and actin [24,28,30], are reproducibly recruited
to micropatterned cell–cell junctions containing N-cadherin.
Further exploration of actin and microtubule interactions in
micropatterned cell pairs should uncover how the ‘‘postal address’’
is applied to Cx43 hemichannels for delivery to the GJ plaque.
2. Methods
2.1. Mice
C57BL/6 mice were maintained under sterile barrier conditions.
Animal care and procedures are in accordance with national and
institutional requirements.
2.2. Molecular biology
Plasmids encoding ﬂuorescently tagged human Cx43-EGFP and
LifeAct-mCherry were generated using the Gateway cloning sys-
tem (Life Technologies) as previously described [30]. The Cx43-
EGFP destination clone was made using the previously described
pDEST-eGFP-N1 vector [43]. All plasmids published by the Shaw
Lab are available at the non-proﬁt Addgene repository.
2.3. Cell culture and cardiomyocyte isolation
HeLa cells were obtained from ATCC and maintained in fully
supplemented DMEM media which contains 10% fetal bovine ser-
um (FBS), non-essential amino acids, sodium pyruvate (Life Tech-
nologies), and 1 Mycozap-CL (Lonza). One day prior to seeding,
HeLa cells were transfected with Lipofectamine 2000 (Life Technol-
ogies) in 10 cm dishes with 6 lg of LifeAct-mCherry and Cx43-
EGFP plasmids for live cell imaging, or Cx43-EGFP for ﬁxed cell
studies. On the following day, micropatterned 35 mm glass-bottom
dishes (In Vitro Scientiﬁc) were incubated with 3 mls of 1% (w/v)
Pluronic F108 (BASF) surfactant for 1 h at room temperature to
prevent cell adhesion to unstamped regions. Treated dishes were
gently rinsed with 3 mls of PBS and incubated in culture media
for 1 h at 37 degrees. Transfected cells were detached with 1 ml
of 0.02% EDTA in PBS for 5–10 min at 37 degrees, and seeded at a
density of 1  105 cells/ml in 3 mls of culture media. After allowing
cells to adhere for 1 h, non-attached cells were removed by three
5-min washes in warm media. Cells were washed every half hour
as needed to remove remaining non-attached cells. Cell pairs were
collected at 3, 9, or 12 h post seeding prior to imaging or ﬁxation.
Neonatal mouse ventricular cardiomyocytes were isolated and
maintained in DMEM:F12 media supplemented with 5% FBS and
Mycozap-PR (Lonza) as described [30,44]. Brieﬂy, ventricles were
dissected from postnatal day 1 to 4 hearts and digested with
0.2 mg/ml trypsin (Invitrogen) and 50 U/ml type II collagenase
(Worthington) in Hank’s Balanced Salt Solution (HBSS, Life Tech-
nologies) at 37 C with gentle agitation using micro magnetic stir
bars (Fisher Science). Dispersed cells were collected and stored in
5% FBS on ice, while fresh pre-warmed isolation buffer was added
every 10 min until tissues were completely digested. Cells were
pre-plated on 10 cm BD Primaria dishes for 30 min in DMEM:F12
(Life Technologies) with 5% FBS and 1 Micozap-PR (Lonza) to re-
move ﬁbroblasts, before they are seeded in micropatterned 35 mm
glass-bottom dishes (In Vitro Scientiﬁc) at a density of 1  105
cells/ml in 3 mls of media supplemented with ArabinofuranosylCytidine (AraC) and 5-bromo-20-deoxyuridine (BrdU) to inhibit
proliferation of non-myocytes. Prior to seeding, micropatterned
dishes were treated with Pluronic as described for HeLa cells
above. Dishes were washed 3 times for 5 min each with warm
media to remove non-attached cells at 5 h post seeding. At 8, 12
and 24 h post seeding, cell pairs can be collected for ﬁxation and
antibody labeling.
2.4. Soft lithography and micropatterning
Soft lithographic masks were designed in AutoCAD (Autodesk
Inc.). Microcontacts with surface areas of 40, 60, 80 and 100 
12 lm2 were tested and optimized for HeLas and neonatal
ventricular myocytes. A SU8 mold was made by SU8 2002 (Micro-
chem) spin-coating, baking, exposure to the photomask, and devel-
opment. Polymer stamps were replicated from the SU8 mold
with polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning).
The replicated PDMS stamps were then incubated with 50 lg/ml
ﬁbronectin (Life Technologies) and 1% gelatin (BD Biosciences)
for 3 h. Glass-bottom dishes were O2-plasma cleaned prior to
stamping. Micropatterned dishes are sealed with Paraﬁlm and
stored at 4 degrees for up to three weeks in the dark prior to
seeding cell pairs.
2.5. Immunoﬂuorescence
Cell pairs were ﬁxed with 4% paraformaldehyde (Electron
Microscopy Services) in phosphate-buffered saline (PBS) for
30 min, or with ice-cold 100% methanol (Sigma) for 5 min. After
PBS washes, cells were permeabilized for 5 min using 0.1% Triton
X-100 in PBS. Cells were then blocked for 1 h at room temperature
in 5% normal goat serum (Life Technologies) before addition of
primary antibodies. Mouse monoclonal anti-N-cadherin (BD Bio-
sciences), chick anti-GFP (Abcam), rabbit anti-Cx43 (Sigma), mouse
monoclonal anti-EB1 (BD Biosciences), mouse monoclonal anti-
atubulin (Sigma), and Alexa Fluor 555 Phalloidin (Life Technolo-
gies) were incubated for 1 h in 5% normal goat serum in PBS at a
dilution of 1:500 each. Following three washes with PBS, cell pairs
were incubated for 1 h with goat Alexa Fluor secondary antibodies
(Life Technologies) and TO-PRO-3 nuclear counterstain (Life
Technologies). ProLong gold (with DAPI) mounting reagent (Life
Technologies) was added prior to confocal imaging.
2.6. Live cell imaging
Culture media was replaced with warm HBSS (Life Technolo-
gies) containing 10% FBS prior to imaging HeLa cell pairs at 12 h
post seeding. Live-cell spinning-disk confocal microscopy was per-
formed at 37 C using a Yokogowa CSU-X1 spinning disk confocal
unit with 486 and 561 nm laser sources, a x100/1.49 Apo TIRF
objective, and a Coolsnap HQ2 camera controlled by NIS Elements
software as previously described [24,30]. An exposure of 200 ms
was used to capture LifeAct-mCherry and Cx43-EGFP ﬂuorescence
for a total of 2 min.
2.7. Image analysis
Data were converted from Elements .nd2 ﬁles to .tif image se-
quences using ImageJ (NIH). For analysis of Cx43-EGFP cargo, the
u-Track 2.0 (Danuser lab, Harvard) Matlab software was used to
autonomously determine cargo trajectories [42].
3. Results
Soft lithography was used to generate microcontacts for cell
pair formation on a glass surface (Fig. 1A). A photomask was
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Fig. 1. Cell pair formation using a micropatterning approach. (A) Microcontacts 40–100 lm in length and 12 lm in width, separated by a 2 lm gap, were used to optimize
photomask design. (B) Microcontacts with the surface area of 100  12 lm2 are visualized by stamping FITC-ﬁbronectin and gelatin onto glass-bottomed dishes. HeLa cell
pairs adhering to stamped contacts can be visualized 1 h post seeding. Scale bar: 100 lm.
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organic polymer (photoresist) to light [45], and was used to gener-
ate an inverse master mold from which silicone rubber stamps
were made with poly(dimethylsiloxane) (PDMS). Using the stamps,
ﬁbronectin and gelatin were picked up and transferred onto glass-
bottom dishes, which were appropriate for high-resolution confo-
cal imaging. We tested several dimensions for optimal cell–cell
contact formation and found that 80  12 lm2 to 100  12 lm2
microcontacts separated by a 2 lm gap allowed for efﬁcient and
reproducible HeLa and neonatal ventricular myocyte cell pairing.
We have noted that cell pairs prefer microcontacts >80 lm in
length. Shorter contact lengths attract single cells which adhere
and expand over both rectangles. Fig. 1B shows micropatterned
cell contacts containing a mixture of FITC-labeled ﬁbronectin and
gelatin. The Pluronic F108 surfactant was applied prior to cell seed-
ing to prevent cell adhesion to non-patterned areas. At 1 h post
seeding and after several washes, HeLa cell pairs begin to ﬂatten
and ﬁll in the microcontacts but not the surrounding glass surface
treated with Pluronic (Fig. 1B).
We generated rectangular HeLa and neonatal ventricular
cardiomyocyte pairs with deﬁned cellular borders using the
micropatterning approach. HeLa cell pairs begin take shape,
organize the cytoskeleton, and express actively trafﬁcked Cx43-
EGFP cargo in just a few hours after seeding. Fig. 2A shows
formation of a deﬁned cell–cell junction between HeLa cells
transfected with Cx43-EGFP at 3 and 9 h post seeding. At the
early time point, cells have grown over the 2 lm space between
the microcontacts to form a cell–cell junction expressing Cx43-
EGFP and N-cadherin. Over time, long strands of F-actin align
along the longitudinal axis of the cell pair as Cx43-EGFP plaques
accumulate at the cell–cell border.
Micropatterned neonatal mouse ventricular myocyte pairs can
also be generated using this approach. Cell pairs taken at 12 h post
seeding begin to adhere to the microcontacts and express F-actin
ﬁbers aligning along the long axis (Fig. 2B). Endogenous Cx43
plaques are co-localized with N-cadherin at the nascent cell–cell
border (arrowheads). At 24 h post seeding, cell pairs ﬁll out
the rectangular microcontacts and express organized sarcomeric
a-actinin along cables of longitudinally arranged F-actin labeledwith Phalloidin, as well as larger Cx43 plaques aligned at the cellu-
lar border (Fig. 2C, arrowheads). We have observed that a-actinin
becomes increasingly organized as the cells are cultured over long-
er periods of time.
Using this micropatterning technique, real-time movements of
Cx43-EGFP cargo, along with F-actin labeled with LifeAct-mCherry
which binds F-actin without affecting its dynamics [46], can be
tracked in live HeLa cell pairs using confocal microscopy (Fig. 3,
Supplemental Video). We ﬁnd a near stationary population of
Cx43-EGFP co-localizing with actin structures in the cell interior
(yellow arrowhead), and another comprising large plaques at the
cellular border (white arrowhead). A more dynamic cargo popula-
tion can be seen traveling along F-actin cables aligned toward an
area of the cell–cell border that is, over a two minute period, accu-
mulating Cx43-EGFP (blue arrowhead). This rapid directional
movement is usually associated with microtubule-based vesicular
transport, and suggests potential crosstalk between the microtu-
bule and actin networks in Cx43 trafﬁcking.
Using a single-particle tracking algorithm [42], we can detect
and track Cx43 cargo trajectories in time-lapse sequences. This
autonomous algorithm detects cargo movement across each frame
by ﬁrst linking cargo points between consecutive frames, before
combining the resulting track segments to generate complete tra-
jectories (Fig. 3B). The trajectories of Cx43-EGFP captured at 2 s
intervals for 2 min (with 200 ms exposure per frame) is shown in
Fig. 3C. This approach deﬁnes a single cell–cell contact region for
GJ formation so that cargo moving toward GJ plaques can be
isolated and studied in comparison to those traveling along non-
junctional regions.
EB1 and microtubules are speciﬁc components of the cytoskel-
eton that have been previously implicated in Cx43 forward traf-
ﬁcking [24,28]. In our system, this set of trafﬁcking machinery
preferentially extends toward the micropatterned cell–cell junc-
tion (Fig. 4). Speciﬁcally, microtubules labeled with anti-atubulin,
along which Cx43 cargo is transported [28], are highly oriented to-
ward the deﬁned cellular border (Fig. 4A). Moreover, comet-shaped
trajectories of the plus-end-tracking protein EB1 are also aligned
toward the micropatterned cell contact in antibody labeled ﬁxed
cell pairs (Fig. 4B). Taken together, this approach can be used to
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Fig. 2. Micropatterned HeLa and neonatal ventricular myocyte pairs contain a deﬁned cellular border expressing N-cadherin and GJ plaques. (A) Cx43-EGFP transfected HeLa
cell pairs at 3 and 9 h post seeding were collected and ﬁxed for antibody detection. F-actin is labeled by Phalloidin staining (red). N-cadherin (blue) is detected at the cell–cell
border (arrowheads), which co-localizes with Cx43-EGFP (green) plaques at 9 h post seeding. (B) A ﬁxed neonatal ventricular myocyte pair at 12 h post seeding is shown.
Phalloidin is used to resolve F-actin (red). Endogenous Cx43 (green) and N-cadherin (blue) co-localize at the cell–cell border (arrowheads). (C) At 24 h post seeding, a ﬁxed
cardiomyocyte pair contains Cx43 plaques (green) at the cellular border (arrowheads). Sarcomere organization is detected by a-actinin labeling (red). Phalloidin is used to
resolve F-actin ﬁbers (blue). Scale bar: 5 lm.
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border, a well-organized cytoskeleton, and preserved trafﬁckingmachinery, and is thus well suited for live-cell studies of cytoskel-
etal-based vesicular trafﬁcking.
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Fig. 3. Real-time Cx43-EGFP cargo movements can be tracked in HeLa cell pairs. (A) A HeLa cell pair at 12 h post seeding contains Cx43-EGFP plaques (white arrowhead), near
stationary interior cargo collections (yellow arrowhead), and fast-moving cargo along F-actin ﬁbers that accumulate at the cellular border (blue arrowhead). Still images
represent a single frame from a 2 min video (Supplemental Video) of a live cell pair transfected with Cx43-EGFP and Life-Act-mCherry. (B and C) A single-particle tracking
algorithm [42] is used to detect and track cargo trajectories along the x and y axis over the 2 min interval. Scale bar: 2 lm.
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Fig. 4. EB1 and microtubule components of the Cx43 forward trafﬁcking machinery are oriented toward the cell–cell border. (A) Microtubule tracks, detected by anti-
atubulin antibody labeling, are preferentially aligned toward the deﬁned cell–cell junction in a ﬁxed HeLa cell pairs at 12 h post seeding. (B) The EB1 plus-end-tracking
protein is also aligned toward the cellular junction in antibody labeled ﬁxed cell pairs. DAPI was used to visualize the cell nucleus. Cell–cell borders are marked by dashed
lines. Scale bar: 5 lm.
S.-S. Zhang et al. / FEBS Letters 588 (2014) 1439–1445 14434. Discussion
Ventricular cardiomyocytes have exquisitely organized cellular
architecture including the highly ordered sarcomere, the non-con-
tractile cytoskeleton, as well as polarized GJ localization at the
intercalated disc. However, current in vitro approaches for examin-
ing Cx43 localization to the cell–cell junction are limited in that
cells lose polarity, alter their cytoskeletal organization and have a
variable number of contacts with neighboring cells. Here we pres-
ent a micropatterning approach allowing for the reliable assess-
ment and quantiﬁcation of dynamic Cx43 trafﬁcking that
controls for cytoskeletal and membrane organization.
Our system is based on a micropatterning technique pioneered
by the Kléber lab [34–41]. This approach has been used to explore
how cell geometry and organization inﬂuence impulse conduction,
gap junction distribution, and intercalated disc protein expressionto reveal that micropatterning can be used to recapitulate
cardiomyocyte characteristics in vitro. In particular, it was used
to quantify how Cx43 deﬁciency affects cell–cell coupling
[35,36,41]. A more recent study, stemming from a tissue repair
perspective, characterized Cx43 GJ coupling and colocalization
with N-cadherin at contacts between heterologous cell pairs [47].
Building on these studies, we have developed a precise method
to study Cx43 transport and how speciﬁc components of the
cytoskeleton regulate trafﬁcking dynamics.
In addition to its role in maintaining cellular architecture, F-ac-
tin is highly dynamic and regulates vesicular transport through
motor protein-based trafﬁcking in plants and mouse oocytes
[48–52]. In cardiomyocytes, a actin isoforms comprise the thin ﬁl-
aments of the sarcomere [53], while b and c actin form F-actin
which is not associated with generating contractile force [54]. In
our previous study, we determined that F-actin is required for
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this trafﬁcking mechanism is disrupted in the setting of
actin-depolymerization and ischemia [30]. However, how speciﬁc-
ity of Cx43 delivery to the GJ plaque is conferred by actin is
unknown.
In this study, we observed fast-moving Cx43 cargo along F-actin
tracks oriented toward the cell–cell junction (Fig. 3A, Supplemen-
tal Video, blue arrowhead), as well as near-stationary cargo associ-
ated with actin collections in the cell interior (yellow arrowhead)
and GJ plaques (white arrowhead). Cx43-EGFP cargo deposited
along actin reservoirs in the cell interior could be recruited for
delivery in response to cellular needs. It is also possible that the
long F-actin tracks oriented toward the cellular border could help
shape the delivery paths of microtubules. Interestingly, F-actin
can directly affect microtubule transport and dynamics during
axonal growth [55]. Future studies using this micropatterning
approach are needed to elucidate the precise mechanism of how
actin, potentially working in concert with other cytoskeletal play-
ers, governs directionality of Cx43 cargo trafﬁcking.
In summary, our approach permits precise control of the cellu-
lar microenvironment and preserves internal cellular organization
in reproducibly generated cell pairs. Cell–cell contacts and compo-
nents of the Cx43 trafﬁcking machinery are well deﬁned in this
micropatterning system, which serves as an important tool in
unlocking speciﬁc Cx43 trafﬁcking routes, and in determining
how and when newly formed Cx43 hemichannels are targeted to
the GJ plaque. This technique can be adapted for other cell types
and used to study intracellular movements of additional proteins
or channels important for cardiac function.Declaration of interest
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